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(57) ABSTRACT 

A transmitter generates multiple composite pilots With a 
training matrix and a gain matrix. Each composite pilot 
includes multiple training pilots generated With multiple 
columns of the training matrix and sealed with multiple gain 
elements in a column of the gain matrix. The transmitter 
transmits each composite pilot via multiple transmit anten 
nas. A MISO receiver obtains received symbols for the 
multiple composite pilots and derives an estimate of a 
composite MISO channel. For OFDM, the MISO receiver 
derives an initial impulse response estimate for each com 
posite pilot, ?lters the initial impulse response estimates for 
all composite pilots, and derives a frequency response 
estimate for the composite MISO channel. AMIMO receiver 
obtains and processes received symbols for the multiple 
composite pilots based on the training and gain matrices and 
derives channel estimates for individual SISO channels 
betWeen the multiple transmit antennas and multiple receive 
antennas. 

150a 
/ 

MISO 
Receiver 

150D 
,1 

MIMO 
Receiver 



Patent Application Publication Sep. 8, 2005 Sheet 1 0f 8 US 2005/0195763 A1 

100 
‘1 150a 

H 

L10 MISO 
Receiver 

Transmitter 

{112 

U —> 
Pilot 13Gb 

Generator 
2m—> 

MIMO 
Receiver 

FIG. 1 

Start ) 200 C r“ 
l, ,210 ‘ 

Set m = a 

Generate a composite 
pilot with a training matrixg 

and a gain vector gm 

l ,214 
Transmit the composite pilot 
from T transmit antennas 

t ,216 
Update index m 

FIG. 2 



Patent Application Publication Sep. 8, 2005 Sheet 2 0f 8 US 2005/0195763 A1 





Patent Application Publication Sep. 8, 2005 Sheet 4 0f 8 US 2005/0195763 A1 

m 6E 

mEFA 

n+2 w+c n+2 ~+c I: c T: N.: 

F i a‘ 

.la. m S mX‘nW. q B U 

n n n u n “ u u w 

0 O O O O O O I lit‘ IIIIIII “2 
x 

an “In 51 $1 $1 Am an own 

1.) 

mac-E mzwonEoo 8m 



Patent Application Publication Sep. 8, 2005 Sheet 5 0f 8 

600 

C Start ) 
l J610 

Obtain a set of P received symbols 
from the P pilot subbands 
for each composite pilot 

l ,612 

US 2005/0195763 A1 

700 
r/ 

( Start 3 
l ,710 

Obtain a set of P received 
symbols from the P pilot subbands 
for each combination of receive 
antenna and composite pilot 

Derive an initial impulse response 
estimate for each composite pilot 
based on the received symbols 

for that composite pilot 

l ,614 
Derive a least-squares impulse 

response estimate of the composite 
MISO channel based on (e.g., by 

?ltering) the initial impulse response 
estimates for all composite pilots 

l ,616 
Perform post-processing (e.g., 
thresholding and/or truncation) 
on the channel taps of the least 

squares impulse response estimate 

l {618 
Zero-pad the post-processed 
impulse response estimate 

to length K 

Perform DFT on the zero-padded 
impulse response estimate to 

obtain a ?nal frequency response 
estimate for the K total subbands 
of the composite MISO channel 

l ,712 
Derive an initial impulse response ‘ 

estimate for each combination of 
receive antenna and composite 

pilot based on the set of received 
symbols for that combination of 

receive antenna and composite pilot 

l ,714 
Derive least-squares impulse 

response estimates for individual 
SISO channels based on (e.g., 
by performing matrix multiply on) 

the initial impulse response 
estimates for all R received 

antennas and T composite pilots 

l ,716 
Perform post-processing (e.g., 
thresholding and/or truncation) 

on the channel taps of each least 
squares impulse response estimate 

l ,718 
Zero-pad each post-processed 
impulse response estimate 

to length K 

J, r720 

l 
c ) 

FIG. 6 

Perform DFT on each zero-padded 
impulse response’estimate to 

obtain a ?nal frequency response 
estimate for the K total subbands 

of one SISO channel 

l 
( End ~) 

FIG. 7 









US 2005/0195763 A1 

PILOT TRANSMISSION AND CHANNEL 
ESTIMATION FOR MISO AND MIMO RECEIVERS 

IN A MULTI-ANTENNA SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application for patent claims priority to 
Provisional Application No. 60/550,893 entitled “Channel 
Estimation Using Pilot Overlapping for MISO/MIMO Mul 
tiplexing” ?led Mar. 5, 2004, and assigned to the assignee 
hereof and hereby expressly incorporated by reference 
herein. 

BACKGROUND 

[0002] 
[0003] The present invention relates generally to commu 
nication, and more speci?cally to pilot transmission and 
channel estimation in a Wireless multi-antenna communica 
tion system. 

[0004] 
[0005] A multi-antenna communication system supports 
(1) multiple-input multiple-output (MIMO) transmission 
from multiple (T) transmit antennas to multiple (R) receive 
antennas and (2) multiple-input single-output (MISO) trans 
mission from multiple transmit antennas to a single receive 
antenna. A MIMO channel formed by the T transmit anten 
nas and R receive antennas is composed of S spatial chan 
nels, Where Sémin {T, R}. The S spatial channels may be 
used to transmit data in parallel to achieve higher overall 
throughput and/or redundantly to achieve greater reliability. 
A MISO channel formed by the T transmit antennas and 
single receive antenna is composed of a single spatial 
channel. The T transmit antennas may be used to transmit 
data redundantly to achieve greater reliability. 

I. Field 

II. Background 

[0006] An accurate estimate of a Wireless channel betWeen 
a transmitter and a receiver is normally needed in order to 
recover data sent via the Wireless channel. Channel estima 
tion is typically performed by sending a pilot from the 
transmitter and measuring the pilot at the receiver. The pilot 
is made up of symbols that are knoWn a priori by both the 
transmitter and receiver. The receiver can thus estimate the 
channel response based on the received symbols and the 
knoWn symbols. 

[0007] The multi-antenna system may concurrently sup 
port both MISO receivers (Which are receivers equipped 
With a single antenna) and MIMO receivers (Which are 
receivers equipped With multiple antennas). MISO and 
MIMO receivers typically require different channel esti 
mates and thus have different requirements for the pilot, as 
described beloW. Since pilot transmission represents over 
head in the multi-antenna system, it is desirable to minimiZe 
pilot transmission to the extent possible. HoWever, the pilot 
transmission should be such that both MISO and MIMO 
receivers can obtain channel estimates of suf?cient quality. 

[0008] There is therefore a need in the art for techniques 
to efficiently transmit a pilot in a multi-antenna system. 

SUMMARY 

[0009] Techniques for transmitting a pilot to support both 
MISO and MIMO receivers in a multi-antenna communi 
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cation system and for performing channel estimation at these 
receivers are described herein. A transmitter generates mul 
tiple composite pilots With a training matrix and a gain 
matrix. Each composite pilot comprises multiple training 
pilots that are generated With multiple columns of the 
training matrix and further scaled With multiple gain ele 
ments in a column of the gain matrix. The training matrix 
may be an orthonormal matrix With orthogonal columns 
(e.g., a Walsh matrix or a Fourier matrix) or some other 
matrix. The gain matrix is formed such that the MISO and 
MIMO receivers can estimate their respective MISO and 
MIMO channels. The gain matrix also controls the amount 
of transmit poWer used for the training pilot sent for the 
MISO receiver and the training pilots sent for the MIMO 
receiver. The transmitter transmits each composite pilot 
from multiple (T) transmit antennas. 
[0010] The MISO receiver obtains received symbols for 
the multiple composite pilots via a single receive antenna 
and processes (e.g., ?lters) these received symbols to obtain 
an estimate of a composite MISO channel betWeen the T 
transmit antennas and the single receive antenna. For a 
multi-carrier system, the MISO receiver may derive an 
initial impulse response estimate for each composite pilot 
based on the received symbols obtained from multiple 
frequency subbands used for that composite pilot. The 
MISO receiver may then ?lter the initial impulse response 
estimates for the multiple composite pilots to obtain an 
impulse response estimate for the composite MISO channel. 
The MISO receiver may perform post-processing (e.g., 
thresholding and/or truncation) on this impulse response 
estimate and then derive a ?nal frequency response estimate 
for the composite MISO channel based on the post-pro 
cessed impulse response estimate. 

[0011] The MIMO receiver obtains received symbols for 
the multiple composite pilots via multiple (R) receive anten 
nas and processes these received symbols based on the 
training and gain matrices to obtain estimates of multiple 
single-input single-output (SISO) channels of the MIMO 
channel betWeen the T transmit antennas and the R receive 
antennas. For a multi-carrier system, the MIMO receiver 
may derive an initial impulse response estimate for each 
combination of composite pilot and receive antenna based 
on the received symbols obtained from multiple frequency 
subbands used for that combination of composite pilot and 
receive antenna. The MIMO receiver may then process the 
initial impulse response estimates for all combinations of 
composite pilot and receive antenna based on the training 
and gain matrices to obtain impulse response estimates for 
the individual SISO channels. The MIMO receiver may then 
derive a ?nal frequency response estimate for each SISO 
channel based on the impulse response estimate for that 
SISO channel. 

[0012] The MISO and MIMO receivers may also perform 
channel estimation in other manners and/or using other 
channel estimation techniques, as described beloW. Various 
aspects and embodiments of the invention are also described 
in detail beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] The features and nature of the present invention 
Will become more apparent from the detailed description set 
forth beloW When taken in conjunction With the draWings in 
Which like reference characters identify correspondingly 
throughout. 
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[0014] FIG. 1 shows a multi-antenna system With a trans 
mitter and tWo receivers. 

[0015] FIG. 2 shoWs a process for transmitting a pilot in 
the multi-antenna system. 

[0016] FIGS. 3A and 3B illustrate channel estimation 
performed by a MISO receiver and a MIMO receiver, 
respectively, for four composite pilots. 

[0017] FIG. 4 shoWs a subband structure for a multi 
antenna OFDM system. 

[0018] 
scheme. 

[0019] FIG. 6 shoWs a channel estimation process for a 
MISO receiver. 

[0020] FIG. 7 shoWs a channel estimation process for a 
MIMO receiver. 

[0021] FIG. 8 shoWs a block diagram of the transmitter, 
the MISO receiver, and the MIMO receiver. 

FIG. 5 shoWs an exemplary pilot transmission 

[0022] FIG. 9 shoWs a block diagram of a transmit (TX) 
spatial processor and a transmitter unit at the transmitter. 

[0023] FIGS. 10A and 10B shoW block diagrams of a 
receiver unit and a channel estimator, respectively, for the 
MIMO receiver. 

DETAILED DESCRIPTION 

[0024] The Word “exemplary” is used herein to mean 
“serving as an example, instance, or illustration.” Any 
embodiment or design described herein as “exemplary” is 
not necessarily to be construed as preferred or advantageous 
over other embodiments or designs. 

[0025] 1. Single-Carrier Multi-Antenna System 

[0026] FIG. 1 shoWs a multi-antenna communication sys 
tem 100 With a transmitter 110 and tWo receivers 150a and 
150b. For simplicity, transmitter 110 has tWo transmit anten 
nas, MISO receiver 150a has a single receive antenna, and 
MIMO receiver 150b has tWo receive antennas. 

[0027] A MISO channel formed by the tWo antennas at the 
transmitter and the single antenna at the MISO receiver may 
be characteriZed by a 1x2 channel response roW vector hlxz. 
This vector may be expressed as: 

[0028] Where entry hj, for j =1, 2, denotes the complex 
channel gain betWeen transmit antenna j and the single 
antenna at the MISO receiver. Avector is often expressed as 
a column, and a roW vector is expressed as a roW. A $150 

channel exists betWeen each transmit/receive antenna pair. 
The tWo entries in hlxz are indicative of the channel gains for 
the two 5150 channels of the MISO channel. 

[0029] A MIMO channel formed by the tWo antennas at 
the transmitter and the tWo antennas at the MIMO receiver 
may be characteriZed by a 2x2 channel response matrix 
HZXZ. This matrix may be expressed as: 
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Eq (2) 

[0030] Where entry hi], for i=1, 2 and j=1, 2, denotes the 
complex channel gain betWeen transmit antenna j and 
receive antenna i at the MIMO receiver. @XZ may also be 
vieWed as containing one channel response roW vector hlxz)i 
for each receive antenna i. 

[0031] The transmitter transmits a pilot from the tWo 
transmit antennas to alloW the MISO and MIMO receivers 
to estimate their respective MISO and MIMO channels. A 
pilot generator 112 at the transmitter may generate a com 
posite pilot as folloWs: 

[0032] Where gQxLm is a 2x1 gain vector for composite 
pilot m; 

[0033] 22x2 is a 2x2 training matrix With tWo col 
umns; and 

[0034] xzxl’m is a 2x1 vector With tWo transmit sym 
bols for composite pilot m. 

[0035] For simplicity, modulation symbols of 1+j0 are 

used for the pilot and can thus be omitted from equation A transmit symbol is a symbol that is transmitted from one 

antenna in one symbol period for the pilot. A symbol period 
refers to the time duration in Which a transmit symbol is sent 
from an antenna. 

[0036] The training matrix 22x2 contains tWo vectors or 
columns that should be orthogonal to one other and is given 

as Q2X2=[u2x1>a u_2x1>b]. Each vector uZXLm, for m=a, b, is 
called a training vector and used to generate a training pilot 
that is pointed in a speci?c spatial direction determined by 
the elements of uzxnn. The composite pilot includes tWo 
training pilots that are generated With the tWo training 
vectors uzxl’a and uzxl’b . The gain vector gzxl’rn contains 
tWo elements that determine the gains of the tWo training 
pilots. The tWo training pilots for the composite pilot are 
thus scaled, combined, and sent simultaneously from the tWo 
transmit antennas. 

[0037] The transmitter generates tWo composite pilots 
With tWo different gain vectors gzxl’a and gzxlb. The trans 
mitter sends the tWo composite pilots (e.g., in tWo symbol 
periods) to alloW both the MISO and MIMO receivers to 
estimate their channels. As an example, the training matrix 
22x2 and the gain vectors g2x 1), and gzxl’b may be de?ned as: 

[0038] Where 0t determines the amount of transmit poWer 
to use for the additional pilot for the MIMO receiver and is 
typically selected such that liotZO. 
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[0039] The received symbol at the MISO receiver for each 
composite pilot may be expressed as: 

for m=a, b, Eq (5) 

[0040] Where rlxl)rn is a received symbol at the MISO 
receiver for composite pilot m; and 

[0041] nlxLrn is the noise at the MISO receiver for 
composite pilot m. 

[0042] The tWo received symbols at the MISO receiver for 
the tWo composite pilots may be expressed in long form as 
folloWs: 

r1><1,a=(h1+h2)+a'(h1_h2)+”1><1,a> and 

r1><1,b=(h1+h2)_a'(h1_h2)+n1><1,b 
[0043] Equation (6) assumes that the MISO channel is 
constant over the tWo symbol periods in Which the tWo 
composite pilots are sent. 

Eq (6) 

[0044] The transmitter typically transmits data redun 
dantly from both transmit antennas to the MISO receiver. In 
this case, the MISO receiver only needs to estimate a 
composite MISO channel, Which is hcOmp=h1+h2, and does 
not need to estimate the channel gains h1 and h2 for the 
individual SISO channels of the MISO channel. The MISO 
receiver may derive an estimate of the composite MISO 
channel as folloWs: 

A a + a + hcomp : "1X1, rl><l,b : (hl +h2) + "1X1, "1x117, Eq (7) 
2 2 

[0045] Where hcomp is an estimate of hemp. 

[0046] The received symbols at the MIMO receiver for 
each composite pilot may be expressed as: 

Eq (8) 

[0047] Where r2xhn=[rLrn run]T is a 2x1 vector of 
received symbols for composite pilot m, 

[0048] Where “T” denotes a transpose; and 

[0049] n2,<1)m=[n1_rn nZJU]T is a noise vector at the 
MIMO receiver for composite pilot m. 

[0050] The MIMO receiver obtains tWo vectors of 
received symbols, rix1)a=[r1)a rm]T and [2x 1)b=[r1>b r2)b]T, for 
the tWo composite pilots generated With the tWo gain vectors 
gZXLa and gzxlb, respectively. 

[0051] The four received symbols at the MIMO receiver 
for the tWo composite pilots may be expressed in long form 

Eq (9) 

r2,b=(h2,1+h2,2)_a'(h2,1_h2,2)+n2,b 
[0052] Equation (9) assumes that the MIMO channel is 
constant over the tWo symbol periods in Which the tWo 
composite pilots are sent. 

[0053] The transmitter may transmit data in parallel from 
both transmit antennas to the MIMO receiver to improve 
throughput. In this case, the MIMO receiver typically needs 
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to (1) estimate the channel gains hm, hm, h2)1 and h2>2 for 
the individual SISO channels of the MIMO channel and (2) 
use these channel gain estimates to recover the data trans 
mission from the transmitter. The MIMO receiver may 
derive an estimate of the individual SISO channels as 
folloWs: 

[0054] Where nu, n12, n2)1 and n2)2 are the noise observed 
by the channel gain estimates hm, F112, I12)1 and F122, 
respectively. 
[0055] The description above is for a 2x2 system in Which 
the transmitter has tWo transmit antennas and the receivers 
have at most tWo receive antennas. In general, a multi 
antenna system may include transmitters and receivers With 
any number of antennas, so that T and R may be any integer 
values. 

[0056] For an R><T system, a transmitter generates T 
composite pilots With T gain vectors, one gain vector for 
each composite pilot. Each composite pilot may be gener 
ated as folloWs: 

[0058] Q is a T><T training matrix With T columns; 
and 

[0059] xm is a T><1 vector With T transmit symbols for 
composite pilot In 

Eq (11) 

Where g is a T><1 gain vector for composite pilot m; 

[0060] The matrix U_contains T (preferably orthogonal) 
training vectors and is given as H=[ua uh . . . uT]. Each 
training vector contains T elements for the T transmit 
antennas and points in a different spatial direction. Each 
composite pilot includes T training pilots that are generated 
With the T training vectors in Q. The T training pilots for 
each composite pilot are scaled by T gain elements in the 
gain vector grn and then added together. T different gain 
vectors are used for the T composite pilots and are given as 
§=[ga gb . . . gT]. The gain vectors are appropriately selected 
to facilitate channel estimation by both the MISO and 
MIMO receivers. The transmitter transmits the T composite 
pilots, e.g., in T symbol periods. 

[0061] The MISO receiver obtains T received symbols for 
the T composite pilots, Which may be expressed as: 

Lmiso=hmiso 
[0062] Where rmiso is a 1><T roW vector With T received 
symbols for the T composite pilots; 

[0063] hmiso is a 1><T channel response roW vector for 
the MISO receiver; and 

[0064] nmiso is a 1><T noise roW vector at the MISO 
receiver for the T composite pilots. 

miso: 
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[0065] The received symbol roW vector is given as rmiso= 
[rmiso’a rmiso)b . . . rmisqT], Where rmiso’rn for m=a . . . T is the 

received symbol for composite pilot m. 

[0066] The MISO receiver typically only needs to estimate 
the composite MISO channel, Which is hmiSO=h1+h2+ . . . 
+hT, and not the individual SISO channels of the MISO 
channel. If the T gain vectors are appropriately selected, then 
the MISO receiver may derive an estimate of the composite 
MISO channel by simply ?ltering (e.g., averaging) the T 
received symbols for the T composite pilots, as folloWs: 

it . _ Eq (13) 
mxso _ T 

=h1+h2 + +hT +nmim, 

[0067] Where hrniSO is an estimate of hrniSO and nrniSO is the 
noise observed by hmiso. The MISO receiver may also derive 
the composite MISO channel estimate by ?ltering the 
received symbols With other ?lters having different coeffi 
cients, as described beloW. 

[0068] The MIMO receiver obtains T vectors of received 
symbols for the T composite pilots, Which may be expressed 
as: 

[0069] Where B is an R><T matrix With T vectors of 
received symbols for the T composite pilots; 

[0070] H is an R><T channel response matrix for the 
MIMO receiver; and 

[0071] E is an R><T noise matrix at the MIMO 
receiver for the T composite pilots. 

[0072] The received symbol matrix is given as R=[ra rb . . 
. 5], Where rm for m=a . . . T is a vector With R received 

symbols obtained via the R receive antennas for composite 
pilot m. 

[0073] The MIMO receiver may derive an estimate of the 
MIMO channel response matrix as folloWs: 

[0074] Where E is an estimate of H and E is the noise 
observed by H. The estimated channel response matrix Q 
may also be obtained by performing some other linear 
operation on the received symbol matrix B. 

[0075] The training matrix Q is de?ned to achieve good 
channel estimation performance for both MISO and MIMO 
receivers. The training pilot generated With the ?rst training 
vector u_a in Q may be considered as a MISO pilot sent for 
the MISO receiver. The remaining T-1 training pilots gen 
erated With the last T-1 training vectors uh through uT in Q 
may be considered as an additional pilot sent for the MIMO 
receiver. The MISO pilot may be considered to be more 
important, e.g., if the transmitter supports multiple MISO 
receivers. The additional pilot for the MIMO receiver may 
be considered to be less important and should not degrade 
the channel estimation performance of the MISO receiv 
er(s). The use of the training matrix Q and the gain matrix 
Q alloW for pilot transmission that favors one spatial direc 
tion for the MISO receiver While also supporting the MIMO 
receiver. 
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[0076] The best performance for channel estimation may 
be achieved When Q is an orthonormal matrix and the T 
training vectors in Q are orthogonal to one another and have 
unit poWer. This orthonormal condition may be expressed 
as: QH~Q=I, Where I is the identity matrix and “H” denotes 
a conjugate transpose. The orthonormal condition may 
equivalently be expressed as: umH~um=1 for m=a . . . T and 

umH~u1=0, for l=a . . . T, m=a . . . T, and l#m. The orthogonal 

training vectors alloW the MISO receiver to average out the 
additional pilot sent for the MIMO receiver so that the MISO 
channel estimate is minimally degraded by the additional 
pilot. The T training vectors in Q pointing in different spatial 
directions alloW the MIMO receiver to estimate the channel 
gains of the individual SISO channels of the MIMO channel, 
or the RT elements of the channel response matrix H. The 
training matrix may be formed in various manners. 

[0077] In an embodiment, the training matrix Q is a Walsh 
matrix W. A 2x2 Walsh matrix WZXZ is equal to QZXZ shoWn 
in equation A larger siZe Walsh matrix WZNXZN may be 
formed from a smaller siZe Walsh matrix WNXN, as folloWs: 

Eq (16) 

[0078] Walsh matrices have square dimensions that are 
poWers of tWo. 

[0079] In another embodiment, the training matrix Q is a 
Fourier matrix F. A T><T Fourier matrix F has element f1)n in 
the l-th roW of the n-th column, Which may be expressed as: 

,muinlu fm : e T Eq (17) ,forl=l...Tandn=l... T. 

[0080] The terms “1-1” and “n-1” (instead of simply “I” 
and “n”) in the exponent in equation (17) are due to an 
indexing scheme that starts With 1 instead of 0. Fourier 
matrices of any square dimension (e.g., 2x2, 3x3, 4x4, and 
so on) may be formed. 

[0081] Each composite pilot comprises T training pilots 
that are generated With the T training vectors in Q. The gain 
vector grn for each composite pilot determines the amount of 
transmit poWer to use for the MISO pilot and the additional 
pilot. The T gain vectors for the T composite pilots are also 
selected such that (1) the MISO receiver can estimate the 
composite MISO channel response With minimal degrada 
tion from the additional pilot and (2) the MIMO receiver can 
estimate the individual SISO channels. In an embodiment, 
the gain matrix Q is formed by multiplying the last T-1 roWs 
of an orthonormal matrix With the gain 0t. This gain 0t 
determines the amount of transmit poWer to use for the 
additional pilot for the MIMO receiver. In another embodi 
ment, the gain matrix Q is set to a diagonal matrix With T 
non-Zero elements along the diagonal and Zeros elseWhere. 
The T diagonal elements of Q may be selected, for example, 
as {1, 0t, 0t, . . . , 0t}. This diagonal gain matrix results in the 
T training pilots being transmitted separately, With the ?rst 
training pilot being transmitted at unit poWer and each 
remaining training pilot being transmitted at a poWer of (x2. 
In general, the gain matrix Q is de?ned such that the MISO 
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receiver can derive a composite MISO channel estimate and 
the MIMO receiver can derive individual SISO channel 
estimates. Different gain matrices result in different pilot 
characteristics and hence different channel estimation per 
formance. 

[0082] FIG. 2 shoWs a process 200 for transmitting a pilot 
for MISO and MIMO receivers in the multi-antenna system. 
Initially, the index m is set to the ?rst value a for this index 

(block 210). The transmitter generates composite pilot m 
With the training matrix Q and the gain vector gm, e.g., as 
shoWn in equation (11) (block 212). The transmitter then 
transmits composite pilot m from T transmit antennas, e.g., 
in one symbol period (block 214). The index m is then 
updated, e.g., set to the next value in the set {a, b, . . . T} or 

set to the ?rst value a after reaching the last value in the set 

(block 216). The process then returns to block 212 to 
generate and transmit another composite pilot. 

[0083] As an example for an R><4 system With four trans 
mit antennas, a training matrix Q4x4 and a gain matrix §4x4 
may be expressed as: 

Eq (18) 

995; Q | Q | Q 

[0084] The matrix 24x4 is a 4x4 Walsh matrix and con 
tains four training vectors, or Q4x4=[ua uh uc ud]. The matrix 
§4x4 is formed based on the 4x4 Walsh matrix and contains 
four gain vectors, or §4,<4=[ga gb gC gd]. 

[0085] The transmitter may cycle through the four gain 
vectors in §4x4 and transmit four composite pilots in four 
symbol periods. For example, the transmitter may transmit 
the ?rst composite pilot generated With ga in symbol period 
n, then the second composite pilot generated With gb in 
symbol period n+1, then the third composite pilot generated 
With gC in symbol period n+2, then the fourth composite pilot 
generated With gd in symbol period n+3, then the ?rst 
composite pilot in symbol period n+4, and so on. 

[0086] FIG. 3A illustrates channel estimation by the 
MISO receiver in the R><4 system. The transmitter transmits 
the pilot by using the training matrix 24x4 and by cycling 
through the four gain vectors in Q4X4, as described above. 
The received symbols for the MISO receiver are rmiso(n)= 
n.....~y~g.+nm...forsymbolperiodn,rm,,(n+1)=n.....~y~gb+ 
nrniso for symbol period n+1, and so on, as shoWn in FIG. 3A 
Where the [4x4 subscript on Q4x4 is omitted for clarity. The 
MISO receiver may ?lter the received symbols using, for 
example, a ?nite impulse response (FIR) ?lter, to obtain a 
composite MISO channel estimate h at symbol period n, 
as folloWs: 

rniso 
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L2 Eq (19) 
itmim<m= Z c<i)-rm.-..<n—1). 

i:*Ll 

[0087] Where c(i) for i=—L1 . . . L2 are coef?cients for the 
FIR ?lter; and 

[0088] L1 and L2 are the time extent of the FIR ?lter. 

[0089] For a causal FIR ?lter, L1=0, L221, and the com 
posite MISO channel estimate hrniso is a Weighted sum of the 
received symbols for L2 prior symbol periods and the current 
symbol period. For a non-causal FIR ?lter, L1 2 1, L2; 1, and 
the composite MISO channel estimate hrniSO is a Weighted 
sum of the received symbols for L2 prior symbol periods, the 
current symbol period, and L1 future symbol periods. L1 
received symbols are buffered to implement the non-causal 
FIR ?lter. 

[0090] FIG. 3B illustrates channel estimation by the 
MIMO receiver in the R><4 system. The transmitter transmits 
the pilot using the training matrix 24x4 and the gain matrix 
§4X4 as described above. The received symbols for the 
MIMO receiver are r(n)=?~g~ga+n for symbol period n, 
r(n+1)=H-Q~ga+n for symbol period n+1, and so on, as 
shoWn in FIG. 3B. A pilot block is the smallest span in 
Which all T composite pilots are transmitted. For the 
example shown in FIG. SE, a pilot block is four symbol 
periods. The MIMO receiver can ?lter the received symbols 
for the same composite pilot, e.g., ?lter r(n—2) and r(n+2) for 
the composite pilot generated With go, ?lter r(n—1) and 
r(n+3) for the composite pilot generated With gd, and so on. 
The MIMO receiver can also derive the individual SISO 
channel gain estimates based on the (?ltered or un?ltered) 
received symbols obtained for one pilot block, as shoWn in 
FIG. 3B. For example, a matrix R may be formed With the 
four received symbol vectors r(n) through r(n+3), and the 
channel gain estimates may be computed on R as shoWn in 
equation (15). 
[0091] For simplicity, FIGS. 3A and 3B shoW the MISO 
and MIMO channels being static for the entire time duration 
from symbol periods n-2 through n+5. For improved chan 
nel estimation performance, the pilot block should be shorter 
than the coherence time of the MISO and MIMO channels. 
The coherence time is the time duration in Which the 
Wireless channel is expected to remain approximately con 
stant. 

[0092] The concept described above in FIGS. 3A and 3B 
for the R><4 system may be extended to any R><T system. The 
training matrix Q and the gain matrix Q may be formed as 
described above. The transmitter generates T composite 
pilots With Q and the T gain vectors in Q and transmits these 
T composite pilots to the MISO and MIMO receivers. The 
MISO and MIMO receivers can estimate their MISO and 
MIMO channels, respectively, based on the received sym 
bols for the T composite pilots. 

[0093] 2. Multi-Carrier Multi-Antenna System 

[0094] A multi-antenna system may utiliZe multiple car 
riers for data and pilot transmission. Multiple carriers may 
be provided by OFDM, some other multi-carrier modulation 
techniques, or some other construct. OFDM effectively 
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partitions the overall system bandwidth (W MHZ) into 
multiple orthogonal frequency subbands. These sub 
bands are also called tones, subcarriers, bins, and frequency 
channels. With OFDM, each subband is associated With a 
respective subcarrier that may be modulated With data. A 
multi-antenna OFDM system may use only a subset of the 
K total subbands for data and pilot transmission, and the 
remaining subbands may serve as guard subbands to alloW 
the system to meet spectral mask requirements. For sim 
plicity, the folloWing description assumes that all K sub 
bands are usable for data and/or pilot transmission. 

[0095] A Wireless channel betWeen a transmitter and a 
receiver in the multi-antenna OFDM system may experience 
frequency selective fading, Which is characteriZed by a 
frequency response that varies across the system bandWidth. 
The K subbands for each SISO channel may then be 
associated With different complex channel gains. An accu 
rate channel estimate for all K subbands may be needed in 
order to recover a data transmission on some or all of these 
subbands. 

[0096] A MISO channel for a MISO receiver in the 
multi-antenna OFDM system may be characteriZed by a set 
of K channel response roW vectors hmiso (k) for k=1 . . . K. 

Each roW vector hmiso (k) has dimensions of 1><T and 
contains T elements for the channel gains betWeen the T 
transmit antennas and the single receive antenna for one 
subband k. A MIMO channel for a MIMO receiver in the 
multi-antenna OFDM system may be characteriZed by a set 
of K channel response matrices H(k) for k=1 . . . K. Each 
matrix H(k) has dimensions of R><T and contains R-T 
elements for the channel gains betWeen the T transmit 
antennas and the R receive antennas for one subband k. 

[0097] The channel response for each SISO channel may 
be characteriZed by either a time-domain channel impulse 
response or a corresponding frequency-domain channel fre 
quency response. The channel frequency response is the 
discrete Fourier transform (DFT) of the channel impulse 
response. The channel impulse response for each SISO 
channel may be characteriZed by L time-domain channel 
taps, Where L is typically much less than the total number of 
subbands, or L<K. That is, if an impulse is applied at a 
transmit antenna, then L time-domain samples at a sample 
rate of W MHZ taken at a receive antenna for this impulse 
stimulus Would be suf?cient to characteriZe the response of 
the SISO channel. The required number of channel taps (L) 
for the channel impulse response is dependent on the delay 
spread of the system, Which is the time difference betWeen 
the earliest and latest arriving signal instances of suf?cient 
energy at the receiver. Because only L channel taps are 
needed for the channel impulse response, the frequency 
response for each SISO channel may be fully characteriZed 
based on channel gain estimates for as feW as L appropri 
ately selected subbands, instead of all K total subbands. 

[0098] FIG. 4 shoWs a subband structure 400 that may be 
used for pilot transmission in the multi-antenna OFDM 
system. A transmit symbol is sent on each of P pilot 
subbands, Which are subbands used for pilot transmission, 
Where typically K>P§L. For improved performance and 
simpli?ed receiver processing, the P pilot subbands may be 
uniformly distributed across the K total subbands such that 
consecutive pilot subbands are spaced apart by K/P sub 
bands. The remaining K-P subbands may be used for data 
transmission and are called data subbands. 
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[0099] FIG. 5 shoWs an exemplary pilot transmission 
scheme 500 for the multi-antenna OFDM system. For sim 
plicity, FIG. 5 shoWs pilot transmission for an R><4 OFDM 
system With four transmit antennas. For this pilot transmis 
sion scheme, the transmitter cycles through the four gain 
vectors in §4><4 and uses one gain vector grn in each OFDM 
symbol period (or simply, each “symbol period”). The same 
training matrix Q and the same gain vector grn may be used 
for each of the P pilot subbands. The composite pilot for 
each subband may be generated as shoWn in equation (11). 

[0100] The T composite pilots for an R><T OFDM system 
may also be transmitted in other manners. In another pilot 
transmission scheme, the T composite pilots generated With 
gain vectors ga through gT are transmitted on T different sets 
of pilot subbands in one symbol period. In yet another pilot 
transmission scheme, the composite pilot generated With 
gain vector ga for the MISO receiver is transmitted on a ?rst 
set of P pilot subbands (e. g., in each symbol period), and the 
T-l additional composite pilots for the MIMO receiver are 
transmitted on a second set of P pilot subbands (e.g., by 
cycling through gain vectors gb through gT in T-l symbol 
periods). In yet another pilot transmission scheme, the T 
composite pilots are transmitted on different sets of P pilot 
subbands in different symbol periods. This staggered pilot 
alloWs the MISO and MIMO receivers to obtain pilot 
observations for more than P subbands Without increasing 
the number of subbands used for pilot transmission in any 
one symbol period. In general, the T composite pilots may 
be transmitted on any number of subband sets and any 
number of symbol periods. Each subband set may include 
any number of pilot subbands, and the different sets may 
have the same or different numbers of pilot subbands. The 
pilot subbands in each set may be uniformly distributed 
across the K total subbands. 

[0101] For all pilot transmission schemes, the MISO and 
MIMO receivers may derive frequency response estimates 
for the composite MISO channel and the individual SISO 
channels, respectively, based on their received symbols and 
using various channel estimation techniques. For clarity, 
channel estimation using a direct least-squares estimation 
technique is described beloW. 

[0102] FIG. 6 shoWs a process 600 performed by the 
MISO receiver for channel estimation in the multi-carrier 
OFDM system. The MISO receiver obtains a set of P 
received symbols from the P pilot subbands for each com 
posite pilot, Which is a P><1 vector rrniso)m=[rmiso)m(kl) 
rmisqm?iz) . . . rmiSOJn(kP)]T (block 610). The MISO receiver 
performs a P-point IDFT (or IFFT) on each set of P received 
symbols and derives an initial impulse response estimate for 
the corresponding composite pilot, Which is a P><1 vector 
h'm'minit (block 612). The MISO receiver then ?lters the initial 
impulse response estimates for all T composite pilots to 
derive a least-squares impulse response estimate of the 
composite MISO channel, Which is a P><1 vector hmisols 
(block 614). hmisols contains P channel taps, and the ?ltering 
is performed for each channel tap. The MISO receiver may 
then perform post-processing on the P channel taps of hmisols 
(block 616). This post-processing may include, for example, 
(1) thresholding to set channel taps With magnitudes less 
than a predetermined threshold to Zero and/or (2) truncation 
to set the last P-L channel taps in h 15 to Zero. The 
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post-processed vector is then Zero-padded to length K to 
obtain a Zero-padded impulse response estimate hmisqKls 
(block 618). 
[0103] The MISO receiver then performs a K-point DFT 
(or FFT) on the K elements of hmisqKls to obtain a ?nal 
frequency response estimate for all K subbands of the 
composite MISO channel, Which is a K><1 vector hmiso 
(block 620). hmiso contains K channel gain estimates for the 
K total subbands. The MISO receiver may perform ?ltering 
on the received symbols rmimm, the initial impulse response 
estimate hmisoinit, the least-squares impulse response esti 
mate hmisols, and/or the ?nal frequency response estimate 
hm, (e.g., obtained for multiple OFDM symbol periods) to 
derive a higher quality MISO channel estimate. 

[0104] Alternatively, the MISO receiver may ?lter the 
received symbols for each pilot subband and derive an initial 
frequency response estimate hmisoinit for the P pilot subbands 
of the composite MISO channel. The MISO receiver may 
then process this initial frequency response estimate using 
the direct least-squares estimation technique (e.g., transform 
to the time domain, post-process, Zero-pad, and transform 
back to the frequency domain) to obtain the ?nal frequency 
response estimate hmiso for the composite MISO channel. 
The MIMO receiver may thus perform ?ltering on the 
time-domain channel taps, as described above in FIG. 6, or 
on the frequency-domain received symbols. The time-do 
main processing in FIG. 6 is more suitable for pilot trans 
mission schemes that transmit the T composite pilots on 
different sets of pilot subbands. 

[0105] FIG. 7 shoWs a process 700 performed by the 
MIMO receiver for channel estimation in the multi-carrier 
OFDM system. The MIMO receiver obtains a set of P 
received symbols from the P pilot subbands for each differ 
ent combination of receive antenna and composite pilot 
(block 710). The set of P received symbols for receive 
antenna i and composite pilot m is denoted as {ri>m(k)}, or 
ri)m(k) for kEPset, Where PSet denotes the set of P pilot 
subbands. The MIMO receiver obtains R-T sets of received 
symbols for the R receive antennas and T composite pilots. 
These R-T received symbol sets may be expressed as: 

BUG = , for k 6 PM. 

[0106] The matriX R(k) for each pilot subband k has 
dimensions of R><T and contains T columns of received 
symbols obtained from pilot subband k for the T composite 
pilots. R(k) is thus similar in form to the matriX R described 
above in equation (14) for the single-carrier multi-antenna 
system. 

[0107] The MIMO receiver performs a P-point IDFT (or 
IFFT) on the set of P received symbols {ri)m(k)} for each 
combination of receive antenna i and composite pilot m to 
derive a P-tap initial impulse response estimate {hi)m('c)} for 
that combination of receive antenna and composite pilot 
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(block 712). The RT initial impulse response estimates for 
the R receive antennas and T composite pilots may be 
expressed as: 

[0108] The MIMO receiver then derives least-squares 
impulse response estimates for the individual 5150 channels 
of the MIMO channel (block 714), as folloWs: 

[0109] From equation (22), the MIMO receiver obtains 
R-T least-squares impulse response estimates {hm-15(1)}, for 
i=1 . . . R and j=1 . . . T. Each least-squares impulse response 

estimate {hid-15(1)} contains P channel taps that may be 
post-processed by performing thresholding and/or trunca 
tion (block 716). Each post-processed impulse response 
estimate or sequence is then Zero-padded to length K (block 
718). The MIMO receiver then performs a K-point DFT (or 
FFT) on each Zero-padded sequence to obtain a ?nal fre 
quency response estimate {hi>j(k)} for one 5150 channel 
(block 720). {hi)j(k)} contains K channel gain estimates for 
the K total subbands of the S150 channel betWeen transmit 
antenna j and receive antenna i. 

[0110] Alternatively, the MIMO receiver may derive an 
initial frequency response estimate Hinit(l() for each pilot 
subband, as folloWs: 

[0111] The initial frequency response estimates for the P 
pilot subbands may be represented by a block-structured 
matriX gini??inigkl) ?inigkz) . . . ?inigklg]. Each element 

in the front dimension of gm represents an initial frequency 
response estimate for the P pilot subbands of one 5150 
channel. The MIMO receiver then processes each initial 
frequency response estimate (e.g., in the same manner 
described above for hmisoinit) to derive a ?nal frequency 
response estimate for all K subbands of the S150 channel. 

[0112] The MIMO receiver may thus perform matriX 
multiplication With GAE-1 on the time-domain channel 
taps, as shoWn in equation (22), or on the frequency-domain 
received symbols, as shoWn in equation (23), to obtain 
channel estimates for the individual 5150 channels. The 
time-domain processing in equation (22) is more suitable for 
pilot transmission schemes that transmit the T composite 
pilots on different sets of pilot subbands. 

[0113] The MIMO receiver may perform ?ltering on the 
received symbols {ri)m(k)}, the initial impulse response 
estimates {hi>m("c)}, the least-squares impulse response esti 
mates {hid-15(1)}, and/or the ?nal frequency response esti 
mates {hi)j(k)}. The ?ltering is typically performed sepa 
rately for each subband k or tap index '5 and also for the same 
indeX pair (i, m) or (i, 

[0114] The MISO and MIMO receivers may also derive 
the ?nal frequency response estimates based on other forms 
of interpolation instead of the least-squares estimation tech 
nique. 
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[0115] 3. Diversity 

[0116] The transmitter may transmit the pilot in a manner 
to achieve diversity. For a multi-antenna OFDM system, the 
transmitter may generate each composite pilot as follows: 

J1m(k)=2(k)?'gm, for kePseb 

[0117] Where §(k) is a T><T diagonal matriX having the 
folloWing form: 

Eq (24) 

M00 0 0 Eq (25) 

0 b2(k) 0 
5H‘): : : -. : 

0 0 bT(k) 

[0118] Where bJ-(k) is a Weight for subband k of transmit 
antenna j. The Weight bJ-(k) may be de?ned as: 

[0119] where D]- is the delay for transmit antenna j. 

[0120] The Weights shoWn in equation (26) correspond to 
a progressive phase shift across the K total subbands of each 
transmit antenna. The phase shift changes at different rates 
for the T transmit antennas. These Weights effectively form 
a different beam from the T transmit antennas for each 
subband, Which provides diversity. The spatial processing 
shoWn in equation (26) may equivalently be performed in 
the time domain by (1) performing a K-point IDFT on K 
symbols to be sent on the K subbands of each transmit 
antenna j to obtain K time-domain samples for that transmit 
antenna and (2) circularly delaying (or cyclically shifting) 
the K time-domain samples for each transmit antenna j by a 
delay of Dh. The delay for each transmit antenna may be 
selected as, for example, DJ-=AD~(j—1), for j=1 . . . T, Where 
AD may be equal to one sample period, a fraction of a 
sample period, or more than one sample period. The time 
domain samples for each antenna are thus circularly delayed 
by a different amount. The largest delay for all T transmit 
antennas should be less than the channel length L. 

[0121] For a single-carrier multi-antenna system, the 
transmitter may delay the transmit symbol for each transmit 
antennaj by Dj. The largest delay for all T transmit antennas 
may be selected to be less than (e.g., a small fraction of) one 
symbol period. 

[0122] For both single-carrier and multi-carrier multi 
antenna systems, the MISO receiver may derive the com 
posite MISO channel estimate in the manner described 
above. HoWever, the channel impulse response observed by 
the MISO receiver for each transmit antenna j is circularly 
delayed by DJ- due to the diversity processing by the trans 
mitter. The impulse response of the composite MISO chan 
nel observed is then hmiSO("c)=h1("c—D1)+h2("c—D2)+ . . . 

+hT('c—DT) and comprises T circularly delayed channel 
impulse responses for the T transmit antennas. If data is 
transmitted in the same manner as pilot, Which is normally 
the case, then the composite MISO channel estimate 
obtained by the MISO receiver is suitable for data detection. 
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[0123] The MIMO receiver may derive the individual 
SISO channel estimates in the manner described above. 
HoWever, the impulse response for each SISO channel of 
each transmit antenna j is circularly delayed by Dj, Which is 
introduced by the transmitter for that transmit antenna. The 
MIMO receiver thus observes channel impulse responses of 
{hi)]-("c—D]-)} for i=1 . . . R and j=1 . . . T for the SISO 

channels. The MIMO receiver may cyclically shift each of 
the R SISO channel impulse response estimates for each 
transmit antenna j by the delay Dj for that transmit antenna. 
The MIMO receiver is thus able to properly align the RT 
impulse response estimates for the RT SISO channels 
betWeen the T transmit antennas and the R receive antennas. 
If data and pilot are both sent from each transmit antenna j 
With the delay of Dj, then the MIMO receiver does not need 
to cyclically shift each SISO channel impulse response 
estimate. In general, the channel estimation is performed in 
a manner consistent With the data transmission. 

[0124] 4. System 

[0125] FIG. 8 shoWs a block diagram of a transmitter 
110x, a MISO receiver 150x, and a MIMO receiver 150y in 
the multi-antenna OFDM system. At transmitter 110x, a TX 
data processor 820 receives, encodes, interleaves, and sym 
bol maps (or modulates) traffic data and provides data 
symbols Each data symbol is a modulation symbol 
for data. A TX spatial processor 830 receives and spatially 
processes the data symbols, generates the composite pilots, 
multiplexes the data symbols With the transmit symbols for 
the composite pilots, and provides T streams of output 
symbols to T transmitter units (TMTR) 832a through 832i. 
Each output symbol may be for data or pilot and is sent on 
one subband of one transmit antenna in one OFDM symbol 
period. Each transmitter unit 832 processes its output sym 
bol stream and generates a modulated signal. T transmitter 
units 832a through 832[ provide T modulated signals for 
transmission from T antennas 834a through 834i, respec 
tively. 

[0126] At MISO receiver 150x, an antenna 852x receives 
the T modulated signals from transmitter 110x and provides 
a received signal to a receiver unit (RCVR) 854x. Receiver 
unit 854x performs processing complementary to that per 
formed by transmitter units 832 and provides (1) received 
data symbols to a detector 860x and (2) received pilot 
symbols to a channel estimator 884x Within a controller 
880x. Channel estimator 884x performs channel estimation 
for the MISO receiver and provides a composite MISO 
channel response estimate hmiso. Detector 860x performs 
detection (e.g., matched ?ltering and/or equaliZation) on the 
received data symbols With the composite MISO channel 
estimate and provides detected symbols, Which are estimates 
of the data symbols sent by transmitter 110x. A receive (RX) 
data processor 870x then symbol demaps, deinterleaves, and 
decodes the detected symbols and provides decoded data, 
Which is an estimate of the transmitted traffic data. 

[0127] At MIMO receiver 150y, R antennas 852a through 
852r receive the T modulated signals from transmitter 110x, 
and each antenna 852 provides a received signal to a 
respective receiver unit 854. Each receiver unit 854 per 
forms processing complementary to that performed by trans 
mitter units 832 and provides (1) received data symbols to 
an RX spatial processor 860y and (2) received pilot symbols 
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to a channel estimator 884y Within a controller 880y. Chan 
nel estimator 884y performs channel estimation for the 
MIMO receiver and provides a MIMO channel response 
estimate ?mimo. RX spatial processor 860y performs spatial 
processing on R received data symbol streams from R 
receiver units 854a through 854r With the MIMO channel 
response estimate and provides detected symbols. An RX 
data processor 870y symbol demaps, deinterleaves, and 
decodes the detected symbols and provides decoded data. 

[0128] Controllers 840, 880x, and 880y control the opera 
tion of various processing units at transmitter 110x, MISO 
receiver 150x, and MIMO receiver 150y , respectively. 
Memory units 842, 882x, and 882y store data and/or pro 
gram codes used by controllers 840, 880x, and 880y, respec 
tively. 
[0129] FIG. 9 shoWs a block diagram of an embodiment 
of TX spatial processor 830 and transmitter units 832 at 
transmitter 110x. TX spatial processor 830 includes a pilot 
generator 910, a data spatial processor 920, and T multi 
plexers (Mux) 930a through 930[ for the T transmit anten 
nas. 

[0130] Pilot generator 910 generates the T composite 
pilots for the MISO and MIMO receivers. To generate 
composite pilot m for pilot subband k, T scalar multipliers 
912a through 912[ multiply T pilot symbols pa(k) through 
pT(k) for the T training pilots With T gains gnu, through gmT, 
respectively, in the gain vector gm. T vector multipliers 914a 
through 914[ then multiply the T scaled pilot symbols from 
T multipliers 912a through 912[ With T training vectors u, 
through uT, respectively, in the matrix Q. A combiner 916 
receives and sums the T vectors from multipliers 914a 
through 914[ and generates a transmit symbol vector xm(k) 
for composite pilot m on pilot subband k. In general, the 
same or different pilot symbols may be used for the T 
training pilots. The same or different pilot symbols, the same 
or different gain vectors, and the same or different training 
matrices may be used for the pilot subbands. 

[0131] Data spatial processor 920 receives the data sym 
bols {s(k)} from TX data processor 820 and performs spatial 
processing on these data symbols. For example, data spatial 
processor 920 may demultiplex the data symbols into T 
substreams for the T transmit antennas. Data spatial proces 
sor 920 may or may not perform additional spatial process 
ing on these substreams, depending on the system design. 
Each multiplexer 930 receives a respective data symbol 
substream from data spatial processor 920 and the transmit 
symbols for its associated transmit antenna j, multiplexes the 
data symbols With the transmit symbols, and provides an 
output symbol stream. 

[0132] Each transmitter unit 832 receives and processes a 
respective output symbol stream. Within each transmitter 
unit 832, an IFFT unit 942 transforms each set of K output 
symbols for the K total subbands to the time domain using 
a K-point IFFT and provides a transformed symbol that 
contains K time-domain chips. A cyclic pre?x generator 944 
repeats a portion of each transformed symbol to form an 
OFDM symbol that contains K+C chips, Where C is the 
number of chips repeated. The repeated portion is called a 
cyclic pre?x and is used to combat delay spread in the 
Wireless channel. A TX radio frequency (RF) unit 946 
converts the OFDM symbol stream into one or more analog 
signals and further ampli?es, ?lters, and frequency upcon 
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verts the analog signal(s) to generate a modulated signal that 
is transmitted from an associated antenna 834. Cyclic pre?x 
generator 944 and/or TX RF unit 946 may also provide the 
cyclic delay for its transmit antenna. 

[0133] FIG. 10A shoWs a block diagram of an embodi 
ment of a receiver unit 854i, Which may be used for each 
receiver unit at MISO receiver 150x and MIMO receiver 
150y. Within receiver unit 854i, an RX RF unit 1012 
conditions (e.g., ?lters, ampli?es, and frequency doWncon 
verts) the received signal from an associated antenna 852i, 
digitiZes the conditioned signal, and provides a stream of 
samples. A cyclic pre?x removal unit 1014 removes the 
cyclic pre?x appended to each OFDM symbol and provides 
a received transformed symbol. An FFT unit 1016 trans 
forms the K samples for each received transformed symbol 
to the frequency domain using a K-point FFT and obtains K 
received symbols for the K total subbands. For MISO 
receiver 150x, FFT unit 1016 provides received data sym 
bols for the data subbands to detector 860x and received 
pilot symbols for the pilot subbands to channel estimator 
884x. For MIMO receiver 150y, FFT unit 1016 provides 
received data symbols to RX spatial processor 860y and 
received pilot symbols to channel estimator 884y. 

[0134] FIG. 10B shoWs an embodiment of channel esti 
mator 884y for MIMO receiver 150y, Which implements the 
direct least-squares estimation technique. Within channel 
estimator 884y, an FFT unit 1020 obtains a set of received 
pilot symbols {ri)m(k)} for each combination of receive 
antenna i and composite pilot m and performs a P-point 
IFFT on the received symbol set to obtain an initial impulse 
response estimate {hi)m('c)} for that combination of receive 
antenna and composite pilot. A matrix multiply unit 1022 
receives R-T initial impulse response estimates for the R 
receive antennas and T composite pilots, multiplies these 
R-T initial impulse response estimates With matrices 2-1 and 
Q'1 for each channel tap as shoWn in equation (22), and 
provides R-T least-squares impulse response estimates for 
the RT SISO channels of the MIMO channel. A post 
processor 1024 may perform thresholding and/or truncation 
and further performs Zero-padding for each least-squares 
impulse response estimate {hid-15(1)}. An FFT unit 1026 
performs a K-point FFT on each Zero-padded impulse 
response estimate and provides a corresponding ?nal chan 
nel frequency response estimate {hi)j(k)}. Channel estimator 
884y may perform ?ltering on {ri>m(k)}, {hi)m("c)}, {hid-15(1)}, 
and/or {hi)j(k)}. Channel estimator 884y provides the ?nal 
frequency response estimates for all SISO channels to RX 
spatial processor 860y. RX spatial processor 860y uses these 
channel estimates for spatial processing of the received data 
symbols to obtain detected symbols {§(1<)}, Which are esti 
mates of the transmitted data symbols 

[0135] The pilot transmission and channel estimation 
techniques described herein may be used for various 
OFDM-based systems. One such system is an Orthogonal 
Frequency Division Multiple Access (OFDMA) communi 
cation system that utiliZes OFDM and can support multiple 
users simultaneously. An OFDM-based system may also 
utiliZe frequency hopping so that data is transmitted on 
different subbands in different time intervals, Which are also 
referred to as hop periods. For each user, the particular 
subband(s) to use for data transmission in each hop period 
may be determined, for example, by a pseudo-random 
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frequency hopping sequence assigned to that user. For a 
frequency hopping OFDM system, pilot and data may be 
sent on different subbands. Each user may need to estimate 
the full MISO or MIMO channel response (e.g., for all K 
subbands) even though only one or a small subset of the K 
subbands is used for data transmission. 

[0136] The pilot transmission and channel estimation 
techniques described herein may be implemented by various 
means. For example, the processing for pilot transmission 
and channel estimation may be implemented in hardWare, 
softWare, or a combination thereof. For a hardWare imple 
mentation, the processing units used for pilot transmission at 
a transmitter may be implemented Within one or more 

application speci?c integrated circuits (ASICs), digital sig 
nal processors (DSPs), digital signal processing devices 
(DSPDs), programmable logic devices (PLDs), ?eld pro 
grammable gate arrays (FPGAs), processors, controllers, 
micro-controllers, microprocessors, other electronic units 
designed to perform the functions described herein, or a 
combination thereof. The processing units used for channel 
estimation at a receiver may also be implemented Within one 
or more ASICs, DSPs, and so on. 

[0137] For a softWare implementation, the processing 
described herein may be implemented With modules (e.g., 
procedures, functions, and so on) that perform the functions 
described herein. The softWare codes may be stored in a 
memory unit (e.g., memory units 842, 882x, and 882y in 
FIG. 8) and executed by a processor (e.g., controllers 840, 
880x, and 880y). The memory unit may be implemented 
Within the processor or external to the processor, in Which 
case it can be communicatively coupled to the processor via 
various means as is knoWn in the art. 

[0138] Headings are included herein for reference and to 
aid in locating certain sections. These headings are not 
intended to limit the scope of the concepts described therein 
under, and these concepts may have applicability in other 
sections throughout the entire speci?cation. 

[0139] The previous description of the disclosed embodi 
ments is provided to enable any person skilled in the art to 
make or use the present invention. Various modi?cations to 
these embodiments Will be readily apparent to those skilled 
in the art, and the generic principles de?ned herein may be 
applied to other embodiments Without departing from the 
spirit or scope of the invention. Thus, the present invention 
is not intended to be limited to the embodiments shoWn 
herein but is to be accorded the Widest scope consistent With 
the principles and novel features disclosed herein. 

What is claimed is: 
1. A method of transmitting a pilot in a Wireless commu 

nication system, comprising: 

generating a plurality of composite pilots With a ?rst 
matrix and a second matrix, each composite pilot 
comprising a plurality of training pilots generated With 
a plurality of columns of the ?rst matrix and scaled With 
a plurality of gain elements in a column of the second 
matrix; and 

transmitting each of the plurality of composite pilots via 
a plurality of transmit antennas. 

2. The method of claim 1, Wherein the generating the 
plurality of composite pilots comprises, for each composite 
pilot, 
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generating the plurality of training pilots With the plurality 
of columns of the ?rst matrix, 

scaling the plurality of training pilots With the plurality of 
gain elements in one column of the second matrix, and 

combining the plurality of scaled training pilots to gen 
erate the composite pilot. 

3. The method of claim 1, Wherein the generating the 
plurality of composite pilots comprises 

generating the plurality of composite pilots such that, for 
each composite pilot, one training pilot among the 
plurality of training pilots is transmitted at unit poWer 
and each remaining training pilot is transmitted at less 
than unit poWer. 

4. The method of claim 1, further comprising: 

forming the ?rst matrix With an orthonormal matrix 
having a plurality of orthogonal columns. 

5. The method of claim 1, further comprising: 

forming the ?rst matrix With a Walsh matrix or a Fourier 
matrix. 

6. The method of claim 1, further comprising: 

forming the second matrix based on a gain value and an 
orthonormal matrix having a plurality of orthogonal 
columns. 

7. The method of claim 1, further comprising: 

forming the second matrix based on a gain value and a 
Walsh matrix or a Fourier matrix. 

8. The method of claim 1, further comprising: 

delaying pilot transmission from each of the plurality of 
transmit antennas by a delay selected for the transmit 
antenna. 

9. The method of claim 1, Wherein the generating the 
plurality of composite pilots comprises 

generating the plurality of composite pilots With the ?rst 
matrix, the second matrix, and a plurality of third 
matrices for a plurality of frequency subbands, the 
plurality of third matrices providing diversity for the 
plurality of composite pilots. 

10. The method of claim 1, Wherein the transmitting each 
of the plurality of composite pilots comprises 

transmitting each composite pilot in a different symbol 
period and via the plurality of transmit antennas. 

11. The method of claim 1, Wherein the transmitting each 
of the plurality of composite pilots comprises 

transmitting each composite pilot on a plurality of fre 
quency subbands and via the plurality of transmit 
antennas. 

12. A method of transmitting a pilot in a Wireless com 
munication system, comprising: 

generating a ?rst composite pilot With a training matrix 
and a ?rst gain vector, the ?rst composite pilot com 
prising a plurality of training pilots generated With a 
plurality of columns of the training matrix and scaled 
With a plurality of gain elements in the ?rst gain vector; 

selectively generating at least one additional composite 
pilot With the training matrix and at least one additional 
gain vector; and 
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transmitting the ?rst composite pilot and the at least one 
additional composite pilot, if generated, via a plurality 
of transmit antennas. 

13. The method of claim 12, Wherein the selectively 
generating at least one additional composite pilot comprises 

generating the at least one additional composite pilot if at 
least one receiver With multiple antennas is receiving 
the pilot. 

14. An apparatus in a Wireless communication system, 
comprising: 

a pilot generator operative to generate a plurality of 
composite pilots With a ?rst matrix and a second 
matrix, each composite pilot comprising a plurality of 
training pilots generated With a plurality of columns of 
the ?rst matrix and scaled With a plurality of gain 
elements in a column of the second matrix; and 

a plurality of transmitter units operative to transmit each 
of the plurality of composite pilots via a plurality of 
transmit antennas. 

15. The apparatus of claim 14, Wherein for each compos 
ite pilot the pilot generator is operative to generate the 
plurality of training pilots With the plurality of columns of 
the ?rst matrix, to scale the plurality of training pilots With 
the plurality of gain elements in one column of the second 
matrix, and to combine the plurality of scaled training pilots 
to generate the composite pilot. 

16. The apparatus of claim 14, Wherein the pilot generator 
is operative to generate the plurality of composite pilots such 
that, for each composite pilot, one training pilot among the 
plurality of training pilots is transmitted at unit poWer and 
each remaining training pilot is transmitted at less than unit 
poWer. 

17. The apparatus of claim 14, Wherein the plurality of 
transmitter units are operative to delay pilot transmission 
from each of the plurality of transmit antennas by a delay 
selected for the transmit antenna. 

18. The apparatus of claim 14, Wherein the ?rst and 
second matrices are each formed based on an orthonormal 
matrix having a plurality of orthogonal columns. 

19. An apparatus in a Wireless communication system, 
comprising: 

means for generating a plurality of composite pilots With 
a ?rst matrix and a second matrix, each composite pilot 
comprising a plurality of training pilots generated With 
a plurality of columns of the ?rst matrix and scaled With 
a plurality of gain elements in a column of the second 
matrix; and 

means for transmitting each of the plurality of composite 
pilots via a plurality of transmit antennas. 

20. The apparatus of claim 19, Wherein the means for 
generating the plurality of composite pilots comprises, for 
each composite pilot, 

means for generating the plurality of training pilots With 
the plurality of columns of the ?rst matrix, 

means for scaling the plurality of training pilots With the 
plurality of gain elements in one column of the second 
matrix, and 

means for combining the plurality of scaled training pilots 
to generate the composite pilot. 
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21. The apparatus of claim 19, Wherein the means for 
generating the plurality of composite pilots comprises, 

means for generating the plurality of composite pilots 
such that, for each composite pilot, one training pilot 
among the plurality of training pilots is transmitted at 
unit poWer and each remaining training pilot is trans 
mitted at less than unit poWer. 

22. A method of performing channel estimation in a 
Wireless communication system, comprising: 

obtaining, via a single receive antenna, received symbols 
for a plurality of composite pilots transmitted via a 
plurality of transmit antennas, each composite pilot 
comprising a plurality of training pilots generated With 
a plurality of columns of a ?rst matrix and scaled With 
a plurality of gain elements in a column of a second 
matrix; and 

processing the received symbols to obtain an estimate of 
a multiple-input single-output (MISO) channel 
betWeen the plurality of transmit antennas and the 
single receive antenna. 

23. The method of claim 22, Wherein the processing the 
received symbols comprises 

?ltering the received symbols to obtain the estimate of the 
MISO channel. 

24. The method of claim 22, Wherein the processing the 
received symbols comprises 

deriving a plurality of initial impulse response estimates 
for the plurality of composite pilots based on the 
received symbols, and 

?ltering the plurality of initial impulse response estimates 
to obtain an impulse response estimate for the MISO 
channel. 

25. The method of claim 24, Wherein the processing the 
received symbols further comprises 

retaining ?rst L channel taps in the impulse response 
estimate for the MISO channel, Where L is an integer 
greater than one, and 

setting remaining channel taps in the impulse response 
estimate for the MISO channel to Zeros. 

26. The method of claim 24, Wherein the processing the 
received symbols further comprises 

setting channel taps in the impulse response estimate for 
the MISO channel With magnitudes beloW a predeter 
mined threshold to Zeros. 

27. The method of claim 24, Wherein the processing the 
received symbols further comprises 

deriving a frequency response estimate for the MISO 
channel based on the impulse response estimate for the 
MISO channel. 

28. An apparatus in a Wireless communication system, 
comprising: 

a receiver unit operative to provide received symbols for 
a plurality of composite pilots transmitted from a 
plurality of transmit antennas to a single receive 
antenna, each composite pilot comprising a plurality of 
training pilots generated With a plurality of columns of 
a ?rst matrix and scaled With a plurality of gain 
elements in a column of a second matrix; and 






